ABSTRACT: Cell-based therapies offer a promising approach to treat intervertebral disc (IVD) degeneration. The impact of the injury microenvironment on treatment efficacy has not been established. This study used a rat disc stab injury model with administration of mesenchymal stromal cells (MSCs) at 3, 14, or 30 days post injury (DPI) to evaluate the impact of interventional timing on IVD biochemistry and biomechanics. We also evaluated cellular localization within the disc with near infrared imaging to track the time and spatial profile of cellular migration after in vivo delivery. Results showed that upon injection into a healthy disc, MSCs began to gradually migrate outwards over the course of 14 days, as indicated by decreased signal intensity from the disc space and increased signal within the adjacent vertebrae. Cells administered 14 or 30 DPI also tended to migrate out 14 days after injection but cells injected 3 DPI were retained at a significantly higher amount versus the other groups (p < 0.05). Correspondingly the 3 DPI group, but not 14 or 30 DPI groups, had a higher GAG content in the MSC injected discs (p ¼ 0.06). Enrichment of MSCs and increased GAG content in 3 DPI group did not lead to increased compressive biomechanical properties. Findings suggest that cell therapies administered at an early stage of injury/disease progression may have greater chances of mitigating matrix loss, possibly through promotion of MSC activity by the inflammatory microenvironment associated with injury. Future studies will evaluate the mode and driving factors that regulate cellular migration out of the disc. Keywords: intervertebral disc; mesenchymal stem cells; inflammation; animal model; spine Disc degeneration (DD) is associated with low back pain that affects 40% of the U.S. adult population and accounts for over $100 billion annually in medical cost and disability.
Disc degeneration (DD) is associated with low back pain that affects 40% of the U.S. adult population and accounts for over $100 billion annually in medical cost and disability. 1 DD is characterized by gradual loss and/or senescence of disc cells that contribute to catabolic breakdown of the disc extracellular matrix (ECM). 2 Cell based therapies for treating DD has gathered considerable attention over the past decade, where cells are delivered into the disc in order to recover lost cells and increase proteoglycan (PG) and collagen content. Mesenchymal stem/stromal cells (MSCs) may be a promising therapy in the treatment of DD. MSCs are a heterogeneous population of multipotent cells capable of differentiating along the chondrogenic, osteogenic, and adipogenic lineages but not the hematopoietic lineage. 3 There are many in vitro and animal studies describing successful intervertebral disc (IVD) repair/regeneration with the use of MSC therapy. 4 Pre-clinical evaluations of the efficacy of MSC treatment of injured IVDs indicate that MSCs can survive and differentiate into NP like cells, [5] [6] [7] and promote recovery of disc height and radiological indicators of disc integrity. [6] [7] [8] 9 Efficacy, however, depends on the choice of animal species, degeneration/injury model, timing of treatment, and stem cell source. 7, 8, 10 A recent systematic review of preclinical studies of MSCs for treatment of DD suggests that these approaches are largely safe, 4 with only $3% complication rate. However, some of the limitations for introducing MSCs into the disc include potential for cell leakage/migration, tumorogenesis, phenotypic transformation, and possible interaction with surrounding tissues. Studies have shown that injected MSCs participate in osteophyte formation in a rabbit injury model, 11, 12 potentially a deleterious consequence of MSC treatment of the disc.
Disc injuries in animal models have been characterized with temporal changes to the disc integrity at the macro (whole disc) scale and micro (cellular and molecular) scale. Disc height loss in response to acute injury has a delayed response and is typically observed 4-6 weeks after injury in preclinical models. 5, 7, 8, 13, 14 At the microscale, disc injury induces increased expression of pro-inflammatory cytokines and MMPs and decreased expression of ECM molecules (e.g., 15, 16 ). Secretion of some pro-inflammatory mediators have been shown to be more severe at early stages post injury, with IL-1b and IL-8 cytokine release found to peak in the acute phase post injury (within 4 days of stab injury), while other inflammatory mediators (e.g., TNF-a) did not change in response to injury. 17 Interestingly, inflammatory microenvironmental changes can occur before the onset of significant macroscale alterations to IVD histomorphometry due to injury. 17 It is hypothesized that severity of degeneration in an injury model can influence the therapeutic effect of MSC treatment. A study by Ho et al. found that treatment of injured IVDs with MSCs after 7 months post injury to be more beneficial than after 1 month. After injection of MSCs in rabbit discs with DD at 7 months after annular puncture, IVDs showed further reduction in disc height measured by radiography, but restored PG content and histological grades. On the other hand, in rabbits with early degeneration at 1 month after annular puncturing, injection of MSCs partially succeeded in prevention of disc height reduction, yet the discs showed no significant improvements in PG content or histological grades. It was concluded that the therapeutic effect of injection of MSCs was more optimal in later more severe stage of degeneration rather than in early stages, on the basis of histological grade and PG content. It was postulated that the effect of MSCs was masked by the effects of inflammation during the early stages of degeneration, and that a narrow window of opportunity may exist for a maximum therapeutic effect.
The goal of this study is to examine the impact of a varying therapeutic window on early repair quality of MSC treated IVDs, specifically examining the contributions of MSCs to the biomechanical and biochemical properties of the IVD in vivo. We examined the effect of MSC administration at increasing interventional time points representing an acute (3 days post injury, DPI), intermediate (14 DPI) , and extended (30 DPI) durations between injury and repair with MSCs. We also evaluated the migration and fate of MSCs delivered into injured IVDs, to evaluate if the injury microenvironment regulates the leakage or migration of cells out of the IVD post delivery. We employ a novel method of near infrared imaging of MSCs in order to track the time course and spatial mapping of cell migration in an in vivo rat injury model. We hypothesize that a longer interventional time point (30 DPI) will promote a greater therapeutic response for treatment of injured discs with MSCs. We further hypothesize that the therapeutic window will not have a significant effect of cell migration or leakage out of the disc.
METHODS
Rat Mesenchymal Stem/Stromal Cells All animal studies were approved by the Institutional Animal Care and Use Committee of the Feinstein Institute for Medical Research. Forty six male Sprague-Dawley rats (350-450 g) were used in this study. Rats were housed 2-3 per cage, at a temperature between 21˚C and 22˚C on a 12 h lightdark cycle with food and water. Allogeneic MSCs were isolated from the bone marrow of three donor rats. Isolated marrow cells were plated and non-adherent cells were discarded 24-48 h after plating. Adhered stromal cells were grown to confluence and expanded for 2-4 passages.
Labeling of MSC for Tracking Studies
MSCs were labeled with the CellVue 1 NIR815 Mini Kit for membrane labeling at a dose of 4 mM (LI-COR 1 Biosciences, Lincoln, NE). This near infrared (NIR) dye targets the lipid regions of cell membranes and the signal can be detected in the 800 nm channel of the Odyssey 1 Infrared Imaging System (LI-COR 1 Biosciences, Lincoln, NE).
In Vitro Near-Infrared Imaging To determine the longevity of the IR signal from the CellVue NIR815 cell membrane labeling, MSCs were labeled and plated then imaged daily with the Odyssey 1 imager up to 2 weeks in culture. To determine the relationship between signal intensity and cell density, increasing densities of labeled cells were prepared in multi well plates and imaged with the Odyssey 1 imager. Relative intensity was quantified using LI-COR software and correlation analysis was performed to identify the relationship between intensity and cell density. To evaluate the potential persistence of NIR intensity in dying or dead cells, labeled MSCs were treated with a cytotoxic agent (EtOH) at increasing doses (5%, 10%, or 15%) and NIR signal intensity was evaluated after 24 h relative to untreated (0% EtOH) cells.
Cell Function of Labeled Cells
To confirm chondrogenic differentiation potential of labeled MSCs, labeled and unlabeled MSCs were cultured in pellets in chondrogenic media 18 for 21 days. Pellets were used to measure GAG content using DMMB assay. At end of cultures, pellets were vacuum dried and digested using papain. The GAG content in the digest lysate was measured using the DMMB assay against a standard curve of chondroitin-6 sulfate.
In Vivo Delivery of Labeled MSCs
To determine the time course and spatial mapping of MSCs upon injection into the disc, analyses of MSC fate and migration were performed upon delivery into uninjured control discs. Rats (n ¼ 9 discs per group, N ¼ 3 rats per time point) were anesthetized and sterile procedure was used to expose caudal discs (Co4-5, Co5-6, and Co6-7). Motion segments were palpated and center of each disc was identified. A 33G needle with a microliter syringe and neuros adapter (Hamilton Company, Reno, NV) was used to inject 5 Â 10 3 labeled MSCs in 5 ml PBS into the disc. Injections were performed into three adjacent discs, and the skin incision was closed. On days 0, 1, 7, and 14 post MSC injection, animals were euthanized and caudal spine was dissected free of muscle and connective tissue and was scanned with the Odyssey Imager (n ¼ 9 discs per time point). Autofluorescence at 700 nm channel visualized the vertebra, and signal from the 800 nm channel visualized the injected MSCs. To investigate the effect of handling MSCs suspensions using a microliter syringe with a 33G needle, cell viability was measured in vitro using LIVE/DEAD Viability/Cytotoxicity kit (L3224, Molecular Probes), and was compared to cells handled using a micropipette (control). Cell viability (%) was computed based on calcein AM staining levels in each group, normalized to a "dead" group where cells were treated with 50% EtOH to induce total cell death, based on manufacturer's recommendations.
Analysis of Labeled MSC Signal Profile
Images were acquired and analyzed using a custom MAT-LAB routine to compute the labeled cell signal intensity profile across a 6 mm axial distance from the center of the disc. The disc region was identified based on co-registration of the vertebral boundaries observed in the 700 nm channel. Signal intensity profile of 800 nm channel was computed across each motion segment. Signal intensity profiles from multiple segments per group were normalized to disc height, aligned and averaged within each experimental group. The labeled MSC signal intensity within disc boundary (%) was also computed.
Disc Injury Model
Rats were anesthetized and sterile procedure was used in all surgical manipulations (disc injury and cell administration). Caudal disc segments (Co4-5, Co5-6, and Co6-7) were exposed, and motion segments were palpated to identify the center of each disc. A needle puncture injury was performed on two discs per animal, 19 by inserting a 27G needle 4 mm deep into the disc with clamp guidance. After the bevel of the needle was in the NP, the needle was rotated 180˚and then removed after 15 s. The location of the two injured discs and one uninjured disc were randomized animal to animal. The incisions were sutured, and animals were housed with unrestricted activity.
MSC Treatment
On 3, 14, or 30 DPI, disc segments (n ¼ 6-7 discs per group, N ¼ 7 rats per time point) were treated with MSCs for evaluation of biomechanics and biochemistry outcomes. Discs were re-exposed to deliver unlabeled MSCs or PBS (sham). Discs were injected with 5 ml of PBS or 5 ml PBS containing 5 Â 10 3 MSCs through a 33G needle with a microliter syringe and Neuros adapter positioned at a depth of 4 mm from the surface (Hamilton Company). In some animals, NIR labeled MSCs were used to track cell migration (n ¼ 5-7 discs per group, N ¼ 2 rats per time point). At 14 days post MSC or PBS treatment, rats were euthanized, and disc samples were collected from either Group 1: uninjured discs (Sham), Group 2: injured discs (Injury), or Group 3: MSCs treated injured discs (MSC) (Fig. 1) . Outcome measures included biochemical content and biomechanical properties, and cell migration. Labeled MSC signal intensity was evaluated as described for the uninjured discs.
Biomechanics and Biochemical Assays
Bone-disc-bone motion segments were isolated by removing the skin and surrounding connective tissue and the bone height was trimmed to 2 mm on each side of the disc using handheld rotary tool (Dremel). The dimensions of the bonedisc-bone segments was measured with digital calipers, and samples were tested on universal testing machine (Model 5566, Instron, Norwood, MA) equipped with a 10N load cell in unconfined compression while submerged in PBS. Samples were compressed between two stainless steel cylindrical platens, where a tare load of 0.1N was applied. A 3N cyclic load was then applied at 0.1 Hz for 30 cycles, and the dynamic modulus was computed as the average modulus from last 10 cycles. 20 After biomechanical testing, the NP tissue in each IVD was dissected out and was papain digested. DNA and GAG content of lysates were measured using the Pico-green assay and DMMB assay, respectively.
Histology Bone-disc-bone segments (n ¼ 2-3 discs per group, N ¼ 2-3 animals per time point) were fixed in 10% buffered formalin and decalcified (CalEx). Samples were paraffin embedded, sectioned and stained by commercial vendors (3 and 14 DPI by AML labs, Baltimore, MD; 30 DPI by Premier Laboratory, Longmont, CO). The histology samples were stained with H&E, alcian blue or trichrome. Images were analyzed within DPI groups for morphological quality (H&E), NP cell (trichrome) and matrix (alcian blue) quality using an upright light microscope (Olympus BH-2) and digital camera (Olympus DP72).
Statistics
Descriptive statistics are presented as mean AE standard deviation, except when indicated otherwise (Figs. 4E and 5B: mean AE standard error is presented). The effect of MSC labeling on chondrogenic potential of MSCs pellets was compared using student t-test. Labeled cell intensity in uninjured discs was analyzed using ANOVA and LSD post hoc test, with time post MSC treatment (days 0, 1, 7, 14) as variable. In injured discs, labeled cell intensity was analyzed with ANOVA and LSD post hoc test with interventional time point (3, 14, 30 DPI) as independent variables. Statistical analysis of GAG content and dynamic modulus were performed with ANOVA and LSD post hoc test, with interventional time point (3, 14, 30 DPI) and group (sham, injury, MSC) as independent variables. Repeat measure analysis was used since motion segments from each animal were used for each treatment group. Analysis was performed in STATISTICA with p < 0.05 considered significant.
RESULTS
To determine the signal stability of the CellVue NIR815 dye, labeled cells were cultured and imaged daily with the Odyssey Imaging System over a 14 day culture. The near infrared signal from the labeled MSCs was retained by the cells over the course of 14 days (Fig. 2A) . A correlation between number of plated cells and signal intensity resulted in a high coefficient of determination (R 2 ¼ 0.9995, Fig. 2B ). Staining also had no observable effect on cell morphology in these cultures (data not shown). Treatment of labeled cells with EtOH resulted in a dramatic 83% loss of NIR signal at all doses of EtOH at 24 hours (p < 0.001 vs. untreated, Fig. 2C and D) . We also evaluated the ability of labeled MSCs to differentiate along the chondrocyte lineage in 3D culture. Cell labeling had no significant effect on the ability of MSCs in suspension handled using a microliter syringe with 33G needle maintained high viability (75%), though this was lower than observed for cells handled with a micropipette (p < 0.05, Fig. 3A) . NIR labeled MSCs (green) were injected and observed after injection into caudal rat discs in the 800 nm channel (Fig. 3B) . Autofluoresence of the vertebrae was observed in the 700 nm channel (red), allowing us to delineate the vertebral borders of the disc space. In uninjured discs, MSCs were observed within the disc space immediately post injection (day 0, Fig. 3C ). At subsequent time points, MSCs exhibited a timedependent decrease in signal intensity away from the disc center (days 1, 7, and 14, Fig. 3C ). For each motion segment, we quantified the signal intensity relative to the axial distance from the disc center (Fig. 4) . Immediately post injection (day 0) the average cell signal intensity was found to have a single peak at the center of the disc and with a steep drop in signal outside the disc space (indicated by red dashed lines). Signal intensity within the uninjured discs was found to decrease with time post treatment, resulting in lower peaks and increased signal dispersion. At day 14, a bimodal cell distribution was observed with peak of signal intensity occurring outside of the disc. Furthermore, time post treatment was found to have a significant effect on signal intensity in uninjured disc (p < 0.02), with decreasing MSC signal intensity between day 0 (25.7 AE 2.5% SEM) versus days 1, 7, and 14 (16.7 AE 2.6%, 15.9 AE 2.6%, 13.9 AE 2.6%, respectively, Fig. 4E ).
We established a stab-injury model where MSC injections were performed at increasing interventional timepoints of 3, 14, and 30 DPI. Labeled MSCs were observed in all interventional timepoint groups (Fig. 5 ) when outcomes were evaluated 2 weeks after cell delivery. Analysis of signal quantification found a significant effect of interventional timepoint on labeled MSC intensity in injured discs (p < 0.01). In injured discs, we observed a migration of cells away from the disc with increasing DPI. A significant decrease in A: MSCs in suspension handled using a microliter syringe with 33G needle maintained high viability (75%), though this was lower than observed for cells handled with a micropipette and tip (control) Ã p < 0.05. B: NIR labeled MSCs were injected into uninjured caudal discs in vivo using 33G needle. C: Localization of injected cells was visualized in situ at 0, 1, 7, and 14 days after in vivo implantation.
MICROENVIRONMENT AFFECTS MSC THERAPEUTIC EFFICACY mean intensity was found in 14 and 30 DPI groups compared to 3DPI (p < 0.01, 10.7 AE 2.2, 9.9 AE 1.4 for 14 and 30 DPI vs. 20.2 AE 2.2 in 3 DPI groups, respectively, Fig. 5b) . A comparison of signal intensity in injured discs versus uninjured discs indicates that labeled MSC intensity was significantly enhanced in 3 DPI, but not in 14 or 30 DPI. A fivefold increase in signal intensity was found in 3 DPI group compared to uninjured group (Fig. 5b) . Whereas, the 14 and 30 DPI groups were found to have signal intensity that was nearly one-half of that observed in uninjured discs (14 DPI: 0.57, 30 DPI: 0.55, Fig. 5b) . Biochemical analysis of sham, injury, and MSC treated discs was performed for GAG content. Interventional timepoint had a significant effect on NP GAG content (p < 0.05). At 3 DPI, a trend for higher NP GAG content was observed in MSC group compared to injury group (injury: 0.49 AE 0.16%, MSC: 1.02 AE 0.14%, p ¼ 0.06). The NP GAG content of MSC group at 30 DPI was significantly greater than MSC groups at 3 or 14 DPI (p < 0.05, Fig. 6A ). Dynamic modulus was comparable between sham and injury groups at all interventional time points. MSC treatment at 14DPI resulted in a significantly greater dynamic modulus compared to MSC groups at 3 and 30 DPI (p < 0.005, Fig. 6B ). No significant effect of treatment group or interventional timepoint was found for the equilibrium modulus.
Histological evaluation of H&E stained slides indicates that disc height was comparable in all groups, with mild degenerative changes observed in the injury groups (Fig. S1B, F , and J). Though discs from injury groups had a relatively normal looking architecture, changes in matrix quality (alcian blue) and cellularity (trichrome) in the NP region were observed (Fig. 7) . NP matrix in injury group was less dense and exhibited less GAG staining compared to sham at all interventional time points (Fig. 7) . In MSC treatment group, a denser NP matrix that was rich in GAGs was observed compared to injury group in three and 30 DPI. At 14 DPI, similar GAG staining was observed in injury and MSC groups. No major changes in cellularity were observed between injury and sham group at 3 DPI. At 14 and 30 DPI, cell numbers and density of cells in clustered vacuoles decreased compared to sham. NP cellularity in MSC treated groups increased compared to injury groups (Fig. 7) .
DISCUSSION
The goal of this study was to evaluate the impact of a varying therapeutic window on the efficacy and fate of MSCs in vivo. We adopted a near infrared imaging technique to track the time course and spatial mapping of MSCs in vivo in the first 2 weeks post delivery into healthy and injured discs. Labeling of the MSCs did not affect cell numbers, morphology, or chondrogenic potential in vitro, therefore cellular in vivo activity is likely to be unaffected by the labeling technique. We found that cell density was highly correlated with measured signal intensity, and signal intensity is lost during cell death, validating that intensity can serve as a surrogate measure for live cells. In vivo, signal arising from the cells could be detected in rat caudal discs immediately after delivery and up to 14 days after delivery. The vertebral anatomy could also be clearly distinguished from the disc space using autofluoresence of the bone in a second NIR wavelength. 21 Our findings indicate that after injection into the disc space, MSCs exhibit a timedependent migration into the surfaces of adjacent vertebrae in healthy (uninjured) discs. The strong peak in signal intensity immediately post injection begins to decay at day 1, and continues to decay up to 14 days, eventually resulting in signal peaks that occur in both adjacent vertebrae. The significant decrease of signal intensity at day 1 suggests that cell leakage through the needle track or due to disc pressure may be the dominant mode of immediate cell loss. However, the reorganization of signal intensity profile occurring between days 7 and 14 after cell injection suggests that cellular migration of live MSCs out of the disc and around the vertebra continues to occur.
In a study by Vadala et al. autologous MSCs had limited reparative effect at 3 and 9 weeks after injection as measured by X-ray and MRI in a rabbit stab injury model. 11 The group also found large anterolateral osteophytes composed of mineralized tissue that contained injected MSCs among the osteophyte-forming cells. Similarly, Sobajima et al. found evidence of osteophyte formation in a healthy rabbit IVD 24 weeks post injection with MSCs. 12 The results of the current study further suggest that MSCs have the capacity to migrate out of the disc and adhere to vertebral surfaces. This migration may contribute to bone spur formation, though the early outcome measures of the current study did not evaluate the MSCs osteogenic potential or formation of bone spurs in vivo. Bone spurs could contribute to back pain, and therefore promotion of osteophytes may be an unintended side-effect and should be more thoroughly investigated in future studies. These findings suggest that IVD regeneration strategies may benefit from the use of cell carriers, disc sealants, and/or delivery systems to minimize unintended leakage or migration of delivered cells and promote regeneration of the disc ECM. In order to gain insight about the potential impact of the transient degradative microenvironment on therapeutic potential of MSCs, the current study investigated the effect of time delay between injury and repair, evaluating MSC repair early post injury (3 DPI), and at increasing intervals of 14 and 30 DPI. We found a significant enrichment of labeled MSCs in injured discs at 3 DPI but not in the greater interventional time points. This cellular enrichment had a coordinated improvement in GAG deposition and content in the 3 DPI group that was not observed at later interventional time points. All study outcome measures were performed 2 weeks after cell delivery, the earliest time point in the literature known to exhibit effects of MSCs in vivo. 13 We did not evaluate responses of autologous MSCs in this study; therefore it is unknown if autologous cells will exhibit same responses as allogeneic MSCs. Additionally, we selected this low cell density to reflect the native cellularity of the IVD. Since other cell densities were not evaluated, it is unknown if the migration behavior is dependent on cell injection density.
We observed that delivery of allogeneic MSCs interventions early post injury may yield greater benefits than when MSCs are delivered at longer intervals post injury. This may be due to changes in the biochemical microenvironment of the disc post injury. Acute injury of the IVD in experimental models are characterized by regional changes that differ at the micro versus macro scale. Moreover, inflammatory and degradation responses to disc injury are time dependent. Stab-injury has a time-dependent profile for changes in disc integrity at the macroscale (e.g., disc height and morphology), which differ from the temporal profile of changes at the microscale (cellular and molecular changes) post injury. 17, 22 Gene expression of aggrecan, bone morphogenetic protein (BMP)-2, and MMP-3 significantly increase by 3 days post needle stab injury in rat disc model. Levels of MMP-3 remain elevated up to 6 weeks post injury, whereas expression of aggrecan and BMP-2 normalize within 1 week of injury. 22 At the protein level, levels of inflammatory cytokines also exhibit a time-dependent response post stab injury. Four days after a stab injury, a transient peak in IL-1b and IL-8 production occurs, but resolves by 7 DPI. 17 Whereas, levels of TNFa do not vastly change over the time course of 28 days post stab injury. 17 Interestingly, inflammatory modulation at the microscale was observed prior to the onset of macroscale alterations of disc integrity. 17 The findings of the current study that allogeneic MSC treatment yielded an enrichment of cells and increased GAG content in early interventional time point (3 DPI) suggests that the presence of peak levels of cytokine secretion within 4 days of injury does not appear to limit the ability of the MSCs to survive this microenvironment. However, when MSCs are administered at a later interventional time points (14 or 30 DPI), an enrichment of cell density or enhancement in total GAG content was not observed. When grown in coculture with disc cells in vitro, MSCs are able differentiate into a disc-cell like phenotype as evidenced by upregulation of aggrecan and SOX9 expression. 23 Inhibition of degrading enzymes and pro-inflammatory cytokines has been observed in NP cells co-cultured with MSCs. 24, 25 The improved therapeutic response at 3 DPI rather than 14 or 30 DPI suggests that MSCs may be responding to the inflammatory milieu in the acute phase post injury at the microscale (cell localization and PG deposition). Indeed, in vitro co-culture studies suggest that MSCs can suppress genes relating to matrix degeneration and inflammatory cytokines, and that MSCs may modulate disc-specific inflammatory and pain status to aid regeneration of the host tissue. 25 MSCs can activate NP cells by paracrine stimulation, cell-cell contact or exchange of membrane components. 23, 26 Furthermore, an anti-inflammatory and immune-modulating activity has been attributed to MSCs. 27, 28 Consequently, the delivery of MSCs in bolus may promote the cell-cell mechanism of action of MSCs and native IVD cells, whereas the use of delivery carriers may potentially limit the therapeutic mode of action to effects by trophic factors only. Cell migration through 3D tissue depends on a physicochemical balance between cell deformability and physical tissue constraints. Migration rates are further governed by the capacity to degrade ECM by proteolytic enzymes. Thus injury or degeneration may play a role in altering the migration capabilities.
Interestingly, we did not detect a change is disc compressive biomechanical properties in the MSC groups relative to injury, despite the enhancement in GAG content observed at 3 DPI, suggesting that GAG levels are not solely predictive of "effective" compressive properties of disc motion segments. The dynamic modulus of MSC treated groups at 14 DPI was significantly greater than at 3 or 30 DPI, though this was not associated with higher GAG levels. Other factors such as hydration, ultra structure of the PG, collagen, crosslink density, or boney changes may contribute to the effective compressive properties of motion segments. Spine biomechanical properties are not comprehensively evaluated in MSC repair studies, in comparison to other outcomes such as radiological indication, disc height, histology, and gene expression. However, one study found that the range of motion of beagle IVDs repaired with Wharton jelly cells was improved in flexion-extension and in rotation relative to injury only. 22 This suggests that range of motion may be a more sensitive metric for changes in disc integrity after puncture injury.
A limitation of the current study is that the NIR imaging provides a 2D image of labeled cells, and thus the location of migrated cells to the surface versus within vertebra cannot be determined. We were also unable to track the specific route of cell migration out of the disc and into the vertebrae. Two potential routes exist: One through the endplate and the other through the annulus. In a previous report, MSCs were able to traffic across a vertebral endplate and into the nucleus pulposus in an ex vivo rabbit organ culture. 29 Delivery of therapeutics to the endplate has also been proposed as an administrative route since this is the typical path of nutrient transport and such techniques would obviate the need for potentially injurious needle puncture through the annulus. 30 The specific route and driving forces for MSC migration to the vertebrae requires further examination. In this model, the relative size of the needle to the disc volume, and speed of injection may have a role in defining the pressure buildup during delivery, thus may indirectly regulate the possibility that cell leakage could occur. However observations of cell loss in IVD due to leakage, migration and/or cell death do not appear to be specific to MSCs or rat IVDs. 11, 21, 29 In conclusion, the findings of this study indicate that timing of MSC administration can greatly affect their therapeutic potential. MSC treatment of injured IVDs appears to be most therapeutic in enhancing PG content in rat caudal IVD puncture injury model when administered very early post injury (3 days). Moreover, some heterogeneity exists when evaluating therapeutic enhancement at the microscale versus at the whole disc (macro) scale. Further studies are needed to ascertain relationship between degradative microenvironmental factors (e.g., pro-inflammatory mediators) that may be playing a role in regulating the therapeutic effects of MSCs at the IVD macroscale level.
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